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Abstract

Most comparative genomic analyses of short-read sequence (SRS) data rely upon the

prior assembly of a reference sequence. Here, we present an assembly free analysis of

SRS data that discovers sequence variants among focal genomes by tabulating the

presence and frequency of ‘complex’ fragments in the data. Using data from nine tree

species, we compare genomic diversity from populations to families. As a control, we

simulated SRS data for three known plant genomes. The results provide insight into the

quality and distributional bias of the sequencing reaction. Three main types of

informative complexmers were identified, each possessing unique statistical properties.

Type I complexmers are unique to a genome but suffer from a high false positive rate,

being highly dependent on read coverage and distribution. Type II complexmers are

shared between two genomes and can highlight potential copy-number differences. Type

III complexmers are exclusive to a subset of genomes and can be useful for associating

genetic differences with phenotypic or geographic variation. At the population level in

an endangered timber species, numerous markers were identified that could potentially

determine geographic origin of individuals and regulate international trade. We

observed that the genomic data for the four fig species were more divergent than for

stone oak species, possibly due to their complex pollination syndrome and high rates of

gene flow. Our approach greatly enhances the application of SRS technology to the study

of non-model organisms and directly identifies the most informative genetic elements for

more detailed study and assembly.
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Introduction

Since the introduction of short-read genome sequencing

technologies, analytical techniques have focused entirely

on assembly based approaches (Pop & Salzberg 2008),

where the raw data is either aligned against a closely

related reference genome (Li et al. 2008; Langmead et al.

2009) or against de novo contigs and scaffolds assembled

using a variety of algorithms (Warren et al. 2007; Zerbi-

no & Birney 2008; Simpson et al. 2009). van Bers et al.

(2009) effectively discovered a large number of poten-

tially informative SNPs by using de novo assembly

approaches and then mapping these against a reference
nce: Charles H. Cannon, Fax: +861698715070,

@xbtg.ac.cn

well Publishing Ltd
genome. Here, we present a comparative genomics

approach for short-read sequence (SRS) data based upon

a direct assembly free survey of the ‘complex’ fragments

(complexmers) within the sequence data. Our approach

requires no prior knowledge of the focal genomes and

allows comparisons between any two organisms. We

illustrate the flexibility of our approach by examining

whole genomic SRS data from nine species of tree,

mostly tropical Asian taxa, spanning population to fam-

ily level comparisons. We simulated SRS data from the

physical maps of three finished plant genomes to serve

as controls for our analysis and to provide reference to

our interpretation of the resulting patterns.

The genomes in our study include five species of Fag-

aceae (primarily of the stone oaks, Lithocarpus), four

species of fig (Moraceae:Ficus), and an endangered spe-



148 C . H . C A N N O N E T A L.
cies of tropical timber, commonly called ‘ramin’

(Thymelaeaceae: Gonystylus bancanus), represented by

five individuals each from a different population. These

genomes form three projects, aimed at different funda-

mental questions about speciation, diversification, and

regulation of international markets (see Methods). The

species in these three projects are all ecologically and ⁄ or

economically important in the tropical rainforests of

Southeast Asia and yet virtually nothing is known

about their genomic biology.

Although the power and accuracy of de novo assembly

algorithms continues to improve, these approaches are

much more effective for haploid genomes (Cronn et al.

2008; Reinhardt et al. 2009) and have difficulty with

duplicated portions of the genome (Phillippy et al. 2008)

or highly heterozygous genomes. Our unpublished

results indicate that a large portion of the DNA sequence

data from our diploid and probably highly out-crossed

tree species does not assemble, despite efforts to optimize

the parameters of the reconstruction. Additionally, the

assembled de novo contigs are strongly biased towards

conserved regions with low levels of polymorphism.

These limitations are fundamentally difficult problems

for studying poorly known organisms, especially when

high levels of heterozygosity, historical polyploidization

and segmental duplication are major features of the spe-

cies biology. Given the enormous effort required to ‘com-

plete’ a genome, the availability of reference genomes

will be a chronic problem for ecologists.

To address the many compelling ecological and evolu-

tionary questions among diverse but poorly known

tropical organisms using genomic techniques, novel

approaches for analysing SRS data are obviously neces-

sary. In the tropics, many of the more compelling ques-

tions are related to the evolution and maintenance of

biodiversity. To incorporate these issues into genomic

studies, a comparative approach is required (Ellegren

2008), using numerous exemplar species from a ‘model

group’ that exhibits important natural variation. With

the promise of rapidly increasing output from the DNA

sequencing technology (Pushkarev et al. 2009), tech-

niques for rapidly and efficiently comparing dozens of

closely related species are needed. Our assembly free

approach discovers the most informative genetic ele-

ments that both distinguish and unite any subset of ge-

nomes, prior to assembly of the SRS data. These

genomic elements could be used directly as a DNA fin-

gerprinting device, a highly sensitive multi-locus DNA

barcode, or in association tests for quantitative traits.

Additionally, de novo contigs can be assembled in a

highly targeted and local fashion and these short frag-

ments used as reference sequences for alignment. Basi-

cally, our approach performs an in silico DNA–DNA

hybridization analysis of only the complex fraction of
the genome. We refer to these complex sequence frag-

ments as ‘complexmers’ Similar to a genome subtraction

experiment or representational difference analysis (Lisit-

syn et al. 1993), the results are not limited to just the dif-

ferences between genomes but also the similarities.

Here, we address several basic questions, both in terms

of the analytical approach and the broad biological and

ecological questions framed by our focal genomes. What

are the basic properties of complexmers in both real and

simulated SRS data? What magnitude and scope of geno-

mic differences are revealed? What types of patterns are

revealed from pair-wise correlation of complexmer fre-

quency? How well do the evolutionary relationships

identified among genomes by this approach match

known relationships? Can the ecologically and evolution-

ary informative complexmers be assembled into larger

fragments? Can the genomic differences discovered be

interpreted in relation to the important ecological and

evolutionary traits of the study organisms?
Materials and methods

Study groups

Fagaceae. Trees in this family are ecologically prominent

in the tropical forests of Asia (Young & Herwitz 1995;

Corlett 2007; Hua 2008), with two ecologically dominant

and taxonomically diverse genera (Lithocarpus and Cas-

tanopsis). The current distribution of these trees (Soep-

admo 1972; Huang et al. 2000) indicate that they are

sensitive to seasonal rainfall and temperature, as they

do not extend beyond the subtropical zone in China

and they do not persist in the seasonally dry Lesser

Sunda Islands of Indonesia. They are often used in the

pollen record to indicate cooler wet climates in the past

(Morley 2000; Zheng & Li 2000; Anshari et al. 2001). For

these reasons, the family is a good model group for the

historical distribution of evergreen tropical forests in

Southeast Asia (Cannon & Manos 2003) and the future

response to global climate change. The biogeographic

history of Southeast Asian forests is particularly impor-

tant (Petit et al. 2008) because their current distribution

is unrepresentative of its past (Cannon et al. 2009).

Additionally, the evolution of fruit morphology (Can-

non & Manos 2000, 2001) is under strong selection pres-

sure from rodent seed predation and dispersal (Xiao

et al. 2005, 2006). Our samples included four stone oaks

(Lithocarpus) and two outgroups at varying phylogenetic

distances from this focal genus (Table 1). The data for

this study have been archived at the NCBI Short Read

Archive under the accession number SRA00938.2.

Ficus. The Moraceae includes 35 genera but two genera

(Ficus and Artocarpus) are the most ecologically predom-
� 2010 Blackwell Publishing Ltd



Table 1 Amount and type of short-read sequence data, including the total number of unique and frequent 25 base pair complex-

mers. Location: 1) Sumatra, Indonesia; 2) Terengganu, Malaysia; 3) Johor, Malaysia; 4) Pahang, Malaysia; 5) California, USA; 6)

Sabah, Malaysia; 7) Yunnan, China; 8) XTBG, China. Type: S = Single-end library; P = Paired-end library

Loc Type Total reads Total bp Complex-mers

Thymelaeaceae

Gonystylus bancanus 1 S 18,265,251 507,426,938 1,116,663

Gonystylus bancanus 2 S 17,694,737 566,762,426 2,770,704

Gonystylus bancanus 3 S 20,126,067 646,046,751 2,665,279

Gonystylus bancanus 3 P 76,954,974 3,864,280,289 24,097,852

Gonystylus bancanus 4 S 12,487,609 353,399,335 737,232

Fagaceae

Chrysolepis chrysophylla 5 S 13,876,056 396,855,202 1,268,288

Lithocarpus havilandii 6 S 20,760,407 575,063,274 301,510

Lithocarpus turbinatus 6 S 21,711,713 673,063,103 2,193,637

Lithocarpus hancei 7 P 154,235,816 7,293,259,431 19,589,907

Lithocarpus xylocarpus 7 P 66,494,720 3,356,506,909 27,125,479

Trigonobalanus diochangensis 7 P 153,785,918 7,356,935,517 27,734,580

Moraceae

Ficus altissima 8 P 40,275,230 2,006,769,928 14,954,912

Ficus fistulosa 8 P 20,856,742 1,035,134,616 6,651,388

Ficus microcarpa 8 P 43,814,974 2,177,270,955 12,221,478

Ficus tinctoria 8 P 176,241,836 8,949,776,305 42,554,406

Simulated

Arabidopsis thaliana P 52,000,000 2,652,000,000 69,970,022

Oryza sativa P 52,000,000 2,652,000,000 55,515,642

Populus trichocarpa P 52,000,000 2,652,000,000 58,632,095
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inant in tropical Asia. Figs (Ficus) have long been iden-

tified as ‘keystone’ species in tropical forest ecosystems

(Janzen 1979; Harrison 2003, 2005), as they provide food

to a wide range of frugivores throughout the year and

help maintain animal populations in disturbed habitats.

Figs also possess a complex co-evolutionary relationship

with their pollinators (Ronsted et al. 2005), the highly

specialized fig-pollinator wasps (Weiblen 2002). This

symbiotic relationship has been the focus of a large

amount of work (Machado et al. 2005; Herre et al. 2008;

Jackson et al. 2008). Additionally, figs possess two main

sexual systems (Weiblen 2000, 2004; Harrison & Ya-

mamura 2003): ‘monoecy’ where unisexual flowers of

both sexes are found on the same plant and ‘dioecy’

where unisexual flowers are found on different plants.

These sexual systems should impose substantially dif-

ferent dynamics on population level gene flow, particu-

larly in relation to effective population size. The

exemplar species have been chosen to provide an initial

comparison among growth forms and sexual systems

(Zhou & Gilbert 2003). Ficus microcarpa and F. altissima

(both subg. Urostigma) are large, monoecious hemi-epi-

phytes, while F. tinctoria (subg. Sycidium) and F. fistul-

osa (subg, Sycomorus) are small dioecious shrubs.

F. tinctoria is highly variable in growth form, with one

subspecies a true epiphyte (Zhou & Gilbert 2003). These

four species are widespread, generally found through-
� 2010 Blackwell Publishing Ltd
out the Asian tropics and sub-tropics. More species are

currently being sequenced. The data for this study have

been archived at the NCBI Short Read Archive under

the accession number SRA00939.1

Ramin. Gonystylus bancanus (Miq.) Kurz (family Thyme-

laeaceae) is limited to peat swamp forests along the

inner margins of the South China Sea. The family

Thymelaeaceae is a basal member of the Malvales, a

large angiosperm order, which contains numerous eco-

nomically valuable crops, including cotton and choco-

late (Stevens 2001 onwards). The tropical peat swamps

of Southeast Asia are widely recognized as containing a

highly endemic and specialized biota (Rieley & Page

1995; Cannon & Leighton 2004), due to the extreme

environmental conditions present. The over-exploitation

and illegal smuggling of ramin has caused extensive

damage to this fragile habitat and the species was

placed on CITES Appendix II under the Convention on

International Trade in Endangered Species, making it a

major focus of international timber organizations (Wyn

et al. 2004). We previously applied a novel DNA micro-

array-based technique to discover genomic signatures

in different populations of this endangered species

(Cannon et al. 2006) with the purpose of developing

genetic markers for the determination of taxonomic

identity and geographic origin of harvested timber.
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Such markers would provide powerful tools for both

producers and consumers of natural resources (Deguil-

loux et al. 2002; Nielsen & Kjaer 2008; Smulders et al.

2008). The data for this study has been archived at the

NCBI Short Read Archive under the accession number

SRA003731.1.

DNA samples and sequence data. Several methods were

used to extract whole genomic DNA from the samples.

Fresh leaf material was used for five Fagaceae, four Ficus,

and the Sumatran individual of G. bancanus. DNA was

extracted from 3–5 g of inner bark tissue from the four G.

bancanus individuals from peninsular Malaysia. Two

types of commercially available DNA extraction kits

were used for most leaf samples: Qiagen Plant DNeasy

Extraction Kits and MN NucleoSpin Plant DNA Extrac-

tion Kit. The Chrysolepis chrysophylla sample was isolated

using a modified protocol for chloroplast-enriched

extractions (Bookjans et al. 1984). Genomic DNA was

extracted from G. bancanus using a modified C-TAB

method (Doyle & Doyle 1987). The DNA samples were

visualized and quantified on a check gel before shipment

to the sequencing facility at the Micheal Smith Cancer

Institute in British Columbia, Canada. Detailed sample

information can be found in OSM 1.

At Canada’s Micheal Smith Genome Sciences Centre

sequencing facility, the genomic DNA samples were

sonicated for 10 min and run on a 12% PAGE. The

400 bp DNA fraction was excised and eluted from the

gel slice overnight at 4 �C in 300 lL of elution buffer

[5:1, LoTE buffer (3 mM Tris–HCl, pH 7.5, 0.2 mM

EDTA)-7.5 M ammonium acetate] and purified using a

QIAquick purification kit (Qiagen, Cat#28104). Single-

end (SET) and paired-end (PET) sequencing libraries

(see Table 1) were constructed using Illumina genomic

DNA prep kit by following company protocols (Illu-

mina, cat# FC-102-1002). Clusters were generated on the

Illumina cluster station (Illumina, cat# FC-103-1002) and

sequence was run on Illumina 1G Analyzer following

the manufacturer’s instructions (Illumina, cat# FC-104-

1003). The SET reactions generated two files, one con-

taining the base calls and the other containing the qual-

ity of those base calls. R. Warren provided a script to

trim the low quality data, using these two files. The

PET reactions generated a single file for each member

of the paired reads, using Illumina’s GAPipeline-1.32,

with the base calls and their associated quality scores.

Sequence data was extracted from the PET quality files

directly using an awk script.

To serve as a control, simulated Illumina data was

generated from three known plant genomes: (thale

cress:Arabidopsis thaliana; rice:Oryza sativa, and pop-

lar:Populus trichocarpa). The most recent builds for these

genomes, including the cytoplasmic genomes when
available, were downloaded from the NCBI Genomic

Biology website. Two data sets for each known genome

containing 13 million paired-end 51 base pair reads were

generated to simulate two typical lanes of Illumina PET

data. Because preliminary results indicated that the cyto-

plasmic genomes were abundant in the Illumina data

obtained from our samples, 20 copies of the cytoplasmic

genomes were mixed with a single copy of the nuclear

chromosomes during the simulation process.

Defining complexmers. All alignment and de novo assem-

bly algorithms create an index or hash table (Stromberg

& Marth 2007; Warren et al. 2007; Langmead et al. 2009;

Simpson et al. 2009), using various k-mer fragment

lengths, to efficiently organize or graph the sequence

information in the data. These fragment lengths are

always much shorter than the reads themselves. Ulti-

mately, the choice of k-mer length is a trade-off between

sensitivity and specificity. Short k-mers will provide a

large amount of relatively unspecific information while

long k-mers will provide a small amount of highly spe-

cific information. After a preliminary analysis and given

the relatively broad phylogenetic scope of the current

analysis, we chose to use 25 base pairs as our k-mer

length. Ultimately, the length of complexmer should be

optimized for each analysis.

Because highly repetitive DNA sequences are inher-

ently less informative for comparative genomic pur-

poses, we only analysed ‘complex’ k-mers. We used a

simple definition for sequence complexity, based on

three criteria: (1) no nucleotide can comprise more than

half of the fragment; (2) all nucleotides must be present

at least two times; and (3) no mono-nucleotide repeats

longer than 4 base pairs were allowed. These complex

25 base pair fragments are subsequently referred to as

‘complexmers’. Given 20 times coverage and a stochas-

tic distribution of reads, a single nucleotide polymor-

phism would generate a different number of

complexmers from each read (Fig. 1a). The mean num-

ber would be roughly equal to half the length of the

complexmer (12.5 in this case) and a normal distribu-

tion of complexmer frequency centred on the SNP.

We will indicate the complex fraction of the genomic

data for sample ‘A’ based upon this 25 base pair win-

dow by the symbol Acx25. In a side-by-side evaluation

of the three most common next-gen sequencing plat-

forms, almost three-quarters of the sequencing error

found in Illumina data was associated with repetitive

sequence elements (Harismendy et al. 2009). Limiting

the analysis to the complex fraction of the data will

eliminate many of these sequencing errors. To eliminate

single random sequencing errors, each complexmer had

to be ‘frequent’ in the data, i.e. in at least three separate

reads from a single lane, to be included in the analysis.
� 2010 Blackwell Publishing Ltd



Fig. 1 Complexmers in short-read sequence data and in com-

parative genomic analysis. (a) The reference sequence is shown

in black and the reads are shown in purple. Twenty 51 bp

reads randomly cover a single nucleotide polymorphism,

shown by the red triangle. The number of 25 bp complexmers

in each read containing the SNP is shown at the end of each

read. (b) Three types of complexmers with different statistical

properties, given a genomic comparison among genomes A, B

and C. The cx25 symbol indicates that the comparison includes

only the complex fraction of the data, given a 25 base pair win-

dow. Type I. fraction unique to a single genome; II. fraction

common to two genomes; and III. fraction shared exclusively

by the genomes.
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Currently, this lane by lane approach misses rare but

valid sequence variants.

We tabulated the presence and frequency of all com-

plexmers in each data file (a single lane on an Illumina

flow cell), retaining those fragments observed three

times or more (simple Python scripts and a more

detailed description of the steps involved can

be obtained from: www. ecologicalevolution.org ⁄
resources ⁄ ). As unique complexmers were encountered,

the reverse complement was counted simultaneously

and the frequencies of these two equivalent sequences

merged. This tabulation of complexmers was also per-

formed for the simulated data sets. The tables from all

of the data files for a sample were then merged

together, accumulating the frequency of the complex-

mers across all data files.

Assembly free assessment of data quality. Quality assess-

ment of the DNA sequencing reaction for species with-

out a reference genome available is difficult. The

frequency distribution of complexmer abundance pro-

vides insight into the overall quality of the genomic
� 2010 Blackwell Publishing Ltd
data, particularly in comparison to the results from sim-

ulated sequencing of known genomes. If the distribu-

tion of the reads is truly random, as it is in the

simulated SRS data, the abundance of complexmers in

the data would be proportional to their abundance

in the genome. Given this ideal distribution of reads on

the genome, few fragments will be super-abundant and

a vast majority of the complexmers will be extremely

rare as they only appear a single time in the genome. If,

on the other hand, the distribution of the reads on the

genome is strongly biased towards a small fraction of

the genome, some complexmers will be super-abundant

and rare complexmers will comprise a smaller fraction

of the data. Each lane can be examined separately or all

of the data from the individual can be combined in this

analysis.

Assembly free comparative genomic analysis. Three types of

informative complexmers can be directly identified in

this comparative genomic framework, prior to assembly

(Fig. 1b). Each type provides data of different quality

and limitations.

Type I. Complexmers unique to a genome, defined

as,

fAIcx25 : AIcx25 2 Acx25;AIcx25 j2Bcx25 \ Ccx25g;

where A,B,C represent the available data for three dif-

ferent genomes, x2y means that x is a member of y, x j2y

means that x is not a member of y, and x\y means the

union of x and y. Type I complexmers provide positive

evidence for presence in one genome but inconclusive

evidence for absence in other genomes, unless the com-

plex fraction of all genomes are fully covered at least

three times. Otherwise, it is possible that it exists in the

other genomes but was simply not sequenced. To mini-

mize false positives, we used an extremely high fre-

quency threshold of fifty times (50 · ).

Type II. Complexmers shared by two or more ge-

nomes, defined as,

fABIIcx25 : Acx25 [ Bcx25g;

where x[y means the intersection of x and y. These type

II complexmers provide positive evidence for presence

in a pair of genomes. The correlation of complexmer

frequency can be compared between genomes to under-

stand the similarity in complexmer frequency in the

two genomes. Additionally, a ratio test, similar to

expression ratios in DNA microarray experiments

(Amaratunga & Cabrera 2004), can used to identify

complexmers which are significantly more abundant in

one genome. Here, we standardize the distribution of

ratios until the mean is zero and fit a normal distribu-

tion to determine frequency outliers in each genome.
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Type III. Complexmers exclusive to two or more ge-

nomes, defined as,

fABCIIIcx25 : Acx25 [ Bcx25 [ Ccx25 j2Dcx25g

where D is an additional fourth genome while x[y[z

means the intersection of x,y and z x[y[z j2w means

that the intersection of x,y and z is not a member of w.

These type III complexmers provide positive evidence

for conserved complexmers present in two or more ge-

nomes but absent in all other genomes. As with Type I

complexmers, false positives because of poor coverage

in some of the genomes will be an issue.

de novo assembly of informative polymorphisms. Because

each well-covered polymorphism will generate many

unique complexmers, depending on the depth and pat-

tern of coverage (Fig. 1a), the de novo assembly of these

complexmers is necessary to reconstruct the informative

polymorphism. The successful assembly of complex-

mers will confirm two things: the polymorphism is ade-

quately covered and the complexmers are homologous,

i.e. coming from the same region, instead of represent-

ing small identical fragments with different flanking

sequences. If the polymorphism is a single nucleotide

and not close to any other polymorphisms, assembly of

the complexmers should generate a DNA fragment

equal to 2*(complexmer length in base pairs)-1. If the

polymorphism involves an indel or a series of SNPs

within the complexmer window, the assembled frag-

ment could be longer. We performed this targeted de

novo assembly technique, using ABySS (Simpson et al.

2009), on two sets of complexmers: for each sample, the

Type II complexmers that were significantly more fre-

quent in at least one pair-wise comparison were pooled;

Type III complexmers exclusive to any subset of ge-

nomes. Non-default parameters for ABySS were kmer

length (-k 13) and read length (-l 25). Only de novo con-

tigs longer than 48 base pairs were retained. These were

fused into a single pseudochromosome by separating

them with a string of 35 N’s and the combined reads

for each sample were then aligned using bowtie (Lang-

mead et al. 2009). Because the contigs are very short

and alignment of 51 base pair reads against 50 base pair

contigs is very poor, we adopted a strategy where three

alignments were performed: one using the entire length

of the reads and two where 15 base pairs were dropped

from either end of the reads. This greatly improved the

quality of alignments against the shortest contigs. While

an exhaustive study of the resulting alignments of the

sample data against these contigs discovered through

our approach is not possible at this time, the highest

quality alignments, given median coverage and average

polymorphism, were tabulated to illustrate the power
of these Type III complexmers in discovering differ-

ences and commonalities among the target genomes.
Results

Sequence data and complexmer diversity

For the fifteen samples of whole genomic sequence

data, we obtained a total of 857 582 050 reads and

39 758 550 979 base pairs of DNA sequence data, after

filtering out low-quality base calls (Table 1). The paired

end (PET) reactions generated several fold more data

per reaction than single end (SET) reactions. The six

Fagaceae samples comprise the largest set of compara-

tive data, with 430 864 630 reads and 19 651 683 436

base pairs, while the ramin samples, mostly consisting

of SET reads, were the smallest with 145 528 638 reads

and 5 937 915 739 base pairs. The single sample with

the largest amount of available data is Ficus tinctoria

with 176 241 836 reads and 8 949 776 305 base pairs,

which should provide roughly 10 · coverage, given

our estimate of its genome size.

Given the merged complexmer tabulations obtained

for each sample, the number of frequent complexmers

observed has a roughly asymptotic relationship with

the total amount of sequence data (Table 1; Fig. 2a).

Two of the Fagaceae samples have unusually low val-

ues for unique complexmers, given the amount of data,

suggesting either the sequence data for these two sam-

ples is of lower quality than the other samples, the gen-

ome complexity for these taxa is substantially lower, or

genome size substantially larger. The number of fre-

quent complexmers observed in the simulated data

from the three known genomes was nearly two times

greater, given the amount of sequence data. The fact

that Arabidopsis thaliana produced substantially more

frequent complexmers is a result of the frequency

threshold for each lane of data, i.e. each complexmer

must be observed at least three times in a single lane of

data. Because of the very small size of the A. thaliana

genome, a single lane of data generated on the Illumina

platform will simply provide higher overall coverage,

thus a larger fraction of the overall complexmer popula-

tion will be observed three times and be included

among the frequent complexmers.

While this ‘frequency’ threshold prevents the constant

introduction of random sequencing errors in the analy-

sis, it also eliminates valid complexmers which are sin-

gletons within a single lane of Illumina data. We

restricted the tabulation of complexmers to single lanes

of data primarily because of current limitations of com-

puter capacity, as the pooled complexmer table for the

larger samples exceeds 10GB. A single simultaneous

tabulation of complexmer frequency, using current tech-
� 2010 Blackwell Publishing Ltd
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Fig. 2 Complexmer diversity in actual and simulated genomic

data. (a) Relationship between total amount of DNA sequence

available for a sample and the number of unique 25 bp com-

plexmers present. Complexmers had to be present three times

or more in at least one lane of data to be included in the analy-

sis. Only samples with paired-end data are shown. Sample

values are indicated by the following codes: At – Arabidopsis

thaliana; Os – Oryza sativa; Pt – Populus trichocarpa; Gb – Gony-

stylus bancanus; Fa – Ficus altissima; Ff – F. fistulosa; Fm – F.

microcarpa; Ft – F. tinctoria; Lh – Lithocarpus hancei; Lx –

L. xylocarpus; Td – Trigonobalanus doichangensis. (b) Dominance

diversity curves of complexmer abundance. The log abundance

of the 25 000 most abundant complexmers are shown in

ranked order, most abundant to the left. The value for the most

abundant complexmer for each sample is shown by a horizon-

tal extension over the y-axis.
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niques, would require prohibitive amounts of RAM.

Software to overcome these limitations is currently

under development. As genome size increases, the frac-

tion of singleton but valid complexmers increases, thus

a larger fraction of valid complexmers would be elimi-

nated in the current analysis.

We only have rough estimates for the genome size of

our focal taxa but they range between 700 and 1000

Mbases, which are roughly twice the size of the largest

known genome used in this analysis. Given the stark

difference in the results between the simulated and

actual SRS data, the genomic sequence data probably

does not adequately cover the entire genome of our

samples, despite the fact that the total amount of
� 2010 Blackwell Publishing Ltd
sequence data for several samples should provide

roughly 10 · coverage. Despite this limitation, our

analysis generated a very large population of ‘frequent’

complexmers for comparative analysis purposes. We

simply need to be conservative in the identification of

potential informative markers, particularly for Type I

complexmers, which are prone to false positives.

The dominance diversity curves of the frequent com-

plexmers also provide an indication of the overall

quality of the sequence data (Fig. 2b). The most abun-

dant complexmer in the three known genomes are

orders of magnitude lower than in the actual data,

despite the fact that these genomes are smaller and

therefore have higher levels of sequence coverage.

Interestingly, the relationship among the known ge-

nomes is not related to genome size, as the curve for

rice is consistently higher than either thale cress or

poplar. The curve for poplar, on the other hand, drops

off quickly, indicating the high abundance complex-

mers are very rare in the simulated genomic data. For

the SRS data collected in this study, the Ficus fistulosa

sample has the most abundant complexmer but the

curve drops quickly down so that it has the least

abundant complexmers among all samples. This result

probably indicates a bias in the overall distribution of

reads to a relatively smaller portion of the overall gen-

ome. This type of bias has been observed before in

SRS data (Dohm et al. 2008). The curve for Ficus tincto-

ria, on the other hand, starts high and remains high,

which agrees with the large number of unique com-

plexmers observed in the data. The patterns are less

clear among the Fagaceae samples, as the very low

number of unique complexmers observed for Lithocar-

pus hancei (Fig. 2a) was not reflected in an unusual

dominance diversity curve. The curves for L. xylocarpus

and Trigonobalanus doichangensis were almost identical,

which also matches the total number of unique com-

plexmers.
Type I complexmers

For many samples, an overwhelming fraction of the fre-

quent complexmers observed in the genomic data were

unique to an individual sample (Table 2). For example,

over 92% of the complexmers observed in the Trigono-

balanus doichangensis sample were unique, while almost

90% of those observed in the Ficus tinctoria sample

were unique. Among the SET samples, by contrast, the

Type I complexmers were much less frequent, always

representing less than 50% and in many cases less than

10% of the total complexmers observed in the sample.

Among congeneric samples with paired-end reads, the

fraction of Type I complexmers was generally between

60% and 70%.



Table 2 Frequency of potential genetic markers among the different focal groups

Type I complexmers Type II de novo contigs

Total no. 50 · (%) Total no. Mean size (bp) Max size (bp)

Gb1 114 681 3388 (3.0) 846 65 378

Gb2 189 295 5395 (2.9) 351 54 78

Gb3s 188 334 5273 (2.8) 430 56 124

Gb3p 20 633 987 56 677 (0.3) 1042 61 162

Gb4 4880 86 (1.8) 42 56 96

Cc 616 940 7790 (1.2) 1831 64 185

Lhav 31 790 425 (1.3) 434 58 155

Lt 585 769 7307 (1.2) 1858 59 366

Lhan 13 014 734 252 614 (1.9) 5919 62 452

Lx 20 169 409 137 743 (0.7) 4259 59 375

Td 25 557 643 701 435 (2.7) 3572 67 368

Fa 10 169 792 76 254 (0.7) 6177 71 412

Ff 4 372 975 131 806 (3.0) 1736 61 593

Fm 7 842 056 86 399 (1.1) 3575 62 316

Ft 38 229 911 1 169 895 (3.1) 6475 74 461

Type I complexmers: the total number of frequent complexmers observed in the genomic data for a single sample and the number of

complexmers observed more than fifty times are shown in the left two columns (percentage of total shown in parentheses). Type II de

novo contigs: the total number of de novo contigs longer than 49 base pairs, assembled from complexmers that were significantly more

frequent in the target genome, given the standardized ratio tests for each pair-wise comparison (see Methods). The mean and

maximum size of these contigs is also shown. The codes for samples represent the first letter of the genus and species names, with

location number and library type if necessary (see Table 1).
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Given the evidence that the reads are not evenly and

randomly distributed across the entire genome, as

shown in the previous section, a large fraction of these

Type I complexmers are probably false positives. Preli-

minary modeling indicates that ‡20 · coverage is

required to obtain reliable results from Type I complex-

mers. While they are prone to false positives, using an

extremely high threshold for an acceptable frequency

can still provide a short list of potential markers. We

tested the false positive error rate by comparing results

for each simulated data sets for a single known genome

and found that error only involved low frequency com-

plexmers (results not shown). A more reasonable but

still substantial fraction of the Type I complexmers have

frequencies above an extremely high threshold

(Table 2). Even at this high level of stringency, Ficus

tinctoria remains remarkably distinct, particularly given

the fact that the other three fig samples are PET sam-

ples with large amounts of data available.
Type II complexmers

The fraction of complexmers shared between pairs of

samples closely followed macro-evolutionary patterns,

although there were apparent effects of reproductive

behavior on overall genomic divergence. At the popula-

tion level within a single species, the percent overlap

among the ramin individuals ranged from 59% to 99%.
The lowest values involved comparisons between SET

samples and are probably due largely to poor overlap

in the data because of low overall coverage of the gen-

ome. On the other hand, the percent overlap between

the PET sample (Gb3p) and the other samples was clo-

sely correlated with geographic distance, with the pen-

insular individuals sharing between 93% and 99% of

their complexmers while the Sumatran sample shared

89%.

At the family level, ancient and relictual Trigonobal-

anus diochangensis (Manos et al. 2001) shared only

6–31% overlap with species of Lithocarpus. Here, the

SET samples exhibited the highest values of overlap

while the PET samples are the most distant. Within the

genus Lithocarpus, pairwise overlap ranged from 31% to

80%. The lowest value of similarity, between L. hancei

and L. xylocarpus, involved two sympatric but morpho-

logically distinct species that dominate the forests of

Ailoshan Mt., Yunnan, China. This value was unusual

as the other congeneric similarity values in the stone

oaks ranged between 60% and 70%. The other compari-

sons with greater similarity were all between a SET and

PET sample, suggesting a systemic bias in sequence

distribution so that same regions of the genome were

disproportionately sequenced across samples. Within

the figs, the percent overlap among species was sub-

stantially lower than within the stone oaks, ranging

from 14% to 30%. The percent overlap values of the
� 2010 Blackwell Publishing Ltd
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pair-wise comparisons were mostly below 20%. Within

the genus, the patterns did agree with the general relat-

edness of the species (Ronsted et al. 2005), with Ficus al-

tissima and F. microcarpa (both in the same subfamily)

sharing 27% overlap while F. fistulosa and F. tinctoria

(in closely related subfamilies) shared 30% and compar-

isons between these two sets of closely related species

being quite low (�15%), comparable to the similarity

between Lithocarpus and its distant outgroup, T. doi-

changensis.

The pair-wise correlation of Type II complexmer fre-

quency also provided an effective method to highlight

potential copy number similarities and differences

(Fig. 3). At the population level in Gonystylus bancanus,

the correlation between the Johor PET and Johor SET

samples was extremely high and included almost all of

the complexmers observed in the SET sample, >2.5 mil-

lion complexmers (Table 1, Fig. 3a). The bias intro-

duced by the six fold difference in the amount of

available sequence data was also apparent (the PET

sample on the y axis, the SET sample on the x axis). At

the congeneric level, both the stone oaks (Fig. 3c) and
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Fig. 3 Correlation of Type II complexmer frequencies between

samples representing different macro-evolutionary distances.

Values are log-normal transformed and the 1:1 correlation is

shown by the solid line. Values for the first member of each

pair are shown on the x-axis. (a) sympatric individuals within

a species: Gonystylus bancanus - (Johor) SET vs. (Johor) PET

(2 574 024 shared); (b) fig congenerics: Ficus microcarpa vs. F.

tinctoria, both PET (2 106 547 shared); (c) stone oak congener-

ics: Lithocarpus hancei vs. L. xylocarpus, both PET (6 016 546

shared); (d) Fagaceae: L. xylocarpus vs. Trigonobalanus doichangi-

ensis, both PET (1 706 376 shared).
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the figs (Fig. 3b) exhibited similar patterns: a broader

spread along the 1:1 line and distinct groups of com-

plexmers that were very high frequency in one sample

but very low in the other. The correlation between the

two stone oak species (L. xylocarpus and L. hancei)

included 6.3 million complexmers while correlation

between the two fig species only involved 2.1 million

complexmers. At the family level, between L. xylocarpus

and T. doichangensis, the correlation was much weaker

with a broad general spread between the two samples

and less than 2 million complexmers (Fig. 3d).

In the comparison of the standardized frequency

ratios, these general patterns were quite clear (Fig. 4).

Between individuals of the same species (Fig. 4a), very

few of the Type II complexmers have a strongly skewed

frequency ratio, although the Johor SET sample (on the

right side of the distribution) does have a surprisingly

large number of Type II complexmers with a ratio

greater than 10. In general, this ratio test was an effec-

tive way to discover potential copy number variants.

The targeted de novo assembly of both Type II complex-

mers generated numerous potential informative

sequences that represent copy number variants

(Table 2). These contigs were generally short, with a
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Fig. 4 Distribution of (standardized ratio-1) of Type II com-

plexmer frequencies between samples representing different

macro-evolutionary distances. Data was standardized using the

median value for each sample. Zero value indicates no differ-

ence between samples in the standardized values. Ratios were

calculated with the larger value as the numerator to make the

distribution symmetrical and all values were greater than one.

If the value for the second member of the pair was greater

than the first, then the ratio was multiplied by -1. Complex-

mers that were more frequent in the first member of each pair

therefore have positive values. (a) sympatric individuals within

a species: Gonystylus bancanus - (Johor) SET vs. (Johor) PET; (b)

fig congenerics: Ficus microcarpa vs. F. tinctoria, both PET; (c)

stone oak congenerics: Lithocarpus hancei vs. L. xylocarpus, both

PET; (d) Fagaceae: L. xylocarpus vs. Trigonobalanus doichangien-

sis, both PET.
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mean length ranging from 54 to 74 base pairs, and the

longest assemblies ranged from 96 to 461 base pairs.
Type III complexmers

Type III complexmers can be quite powerful in discov-

ering genetic elements that are associated with particu-

lar phenotypes and geographic regions. The Type III

complexmers were immediately passed into the de novo

assembly, generating a large number of contigs

(Table 3). The most frequent contigs were those which

grouped all of the samples within a study group

together. The top three groups were all of the figs

together, all of the ramin individuals, and the Fagaceae

(minus one species). The fourth rank group consisted of

all of the Fagaceae. Among the lower frequency contigs

were some very interesting groups, particularly for the

Fagaceae. One group (Lhanc, Lx, Td) with 90 contigs

brought together the Indochinese samples while another

(Lt, Lx) with 71 contigs brought together two samples

with convergent fruit types, despite the fact that they

are found on different continents and one sample (L.

turbinatus) is represented by SET data. The power of
Table 3 Number of high-quality de novo contigs, assembled

from Type III complexmers discovered for each group

# of Contigs Samples in group

662 Fa,Ff,Fm,Ft

231 Cc,Lhanc,Lt,Lx,Td

139 Gb1,Gb2,Gb3s,Gb3p,Gb4

138 Cc,Lhav,Lhanc,Lt,Lx,Td

96 Lhanc,Lt,Lx,Td

91 Gb2,Gb3s,Gb3p,Gb4

90 Lhanc,Lx,Td

78 Cc,Lhanc,Lt,Lx

78 Gb2,Gb3s,Gb3p

71 Ff,Fm,Ft

71 Lt,Lx

64 Fa,Ff

63 Fa,Ff,Ft

60 Lhav,Lhanc,Lt,Lx

60 Cc,Lhanc,Lx,Td

51 Fa,Fm,Ft

51 Ff,Fm

50 Lhanc,Lt

40 Gb1,Gb2,Gb3s,Gb3p

40 Cc,Lhanc,Lx

39 Gb1,Gb3p

36 Cc,Lhav,Lhanc,Lt,Lx

26 Lhanc,Lt,Lx

26 Cc,Lx

21 Gb1,Gb2,Gb3p

21 Lhanc,Td

21 Gb3s,Gb3p
these contigs must be tested in downstream genotyping

experiments but our approach generated a large num-

ber of candidate sequences.
Discussion

For ecologists and evolutionary biologists to quickly

and fully incorporate next-gen sequencing technology

into their research, a clear distinction needs to be made

between ‘genome projects’ and ‘genomic diversity pro-

jects’. This distinction is particularly important for trop-

ical biologists, where the most interesting questions

involve diverse suites of closely related species, where

reproductively isolation is often incomplete. For many

purposes, the completion and verification of a physical

map of the genome would be prohibitive and, for many

purposes, is not necessary. The most important objec-

tive is to characterize and identify the genomic differ-

ences among exemplar taxa that provide a phenotypic

and geographic framework for compelling ecological or

evolutionary questions. Here, we demonstrate the

power and potential of an approach that discovers rele-

vant DNA sequence variation present in whole genomic

short-read data prior to assembly, among genomes at

any level of phylogenetic relatedness, by directly com-

paring the presence and abundance of short complex

DNA sequence fragments.

This novel assembly free approach provides several

advantages over conventional assembly based

approaches, particularly for previously unstudied

organisms. Firstly, our approach uses all of the high

quality DNA sequence data that passes our simple cri-

teria for sequence complexity and a threshold for com-

plexmer abundance. Unpublished analyses of the SRS

data in this study indicate that de novo assembly algo-

rithms, such as SOAPdenovo (Li 2009) and ABySS

(Langmead et al. 2009), incorporate substantially less

than half of the available data into high-quality contigs

and the results are highly sensitive to k-mer length. Sec-

ondly, our approach can simultaneously be used to dis-

cover differences and identities among genomes, given

any subset of phenotypes or geographic origins, at any

phylogenetic level of comparison. Thirdly, the overall

quality of individual sequencing reactions can be

directly compared among lanes, reactions, and samples,

without a reference sequence, based upon the domi-

nance diversity curve of complexmer abundance.

Finally, direct discovery of relevant genomic differences

allows a much smaller and highly focused protocol for

the de novo assembly of the polymorphisms and their

immediate flanking regions. Currently, de novo assembly

algorithms are optimized to piece together gigabytes of

data generated from large entire genomes. To perform

this phenomenal task effectively, they must make fairly
� 2010 Blackwell Publishing Ltd
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conservative decisions about contig extension, allelic

diversity, and alternative splicing of the sequence (War-

ren et al. 2007; Simpson et al. 2009). We feel that a com-

pletely exhaustive search for a short list of informative

local assemblies would be possible, using a slightly

refined algorithmic approach. This exhaustive approach

would map all possible DNA sequence paths flanking

the informative complexmers identified in our analysis.

Ultimately, our approach can identify any potential

genetic variant within the complexmer window, includ-

ing single nucleotide polymorphisms, copy number

variants, inversions, and insertion-deletion events.

While we used a 25 base pair window for this initial

analysis, further optimization studies are necessary.

Like the choice of k-mer length in any alignment or

de novo algorithm, a balance among specificity and sen-

sitivity must be explored for every analysis. This

exploratory step will also be particularly important for

comparative studies of genomes at different phylo-

genetic levels. Preliminary results indicate that 25 base

pairs may be too long, providing too much specificity

particularly when overall genome coverage is incom-

plete and generating a large fraction of false positives.
Population-level to family-level applications (and
beyond?)

At the population level in an endangered species of

tropical timber, we discovered numerous potential

markers, including thousands of single nucleotide poly-

morphisms and hundreds of copy number variants.

These markers could be used as DNA fingerprinting

tools to regulate the international market for this CITES

species. While overall genomic similarities among indi-

viduals was high (generally �96% of complexmers),

these results sharply differ from a de novo assembly

approach that suggested <<0.001% divergence among

individuals, based on 10 000 contigs totalling �1.5 Mb

of DNA sequence (C. H. Cannon, unpublished). In this

issue, Whittall et al. (2009) report very low levels of

divergence in the chloroplast genome of the Torrey pine,

using de novo assembly techniques, which recovers

�90% of the total genome. It would be interesting to test

our approach on these data to find out if the more vari-

able regions are hiding in the remaining 10% of the

unassembled genome. This difference in result high-

lights the fact that our approach uses all of the available

data and the bias in de novo assembly towards conserved

and non-variable regions of the genome.

We also observed that genomic similarity is substan-

tially greater among species of stone oak (Lithocarpus)

than among fig species (Table 2). The percent overlap

among congenerics in the Fagaceae generally ranged

between 60% and 70%, even between Lithocarpus spe-
� 2010 Blackwell Publishing Ltd
cies sampled on different continents with substantially

different fruit morphologies while the fig species

almost never shared more than 20% overlap of their

complexmers. These substantial differences are proba-

bly due to differences in reproductive strategy and

gene flow pattern between these two groups. Trees in

the Fagaceae are known to hybridize (Manos et al.

1999) and previous results from chloroplast DNA

sequence revealed abundant shared polymorphisms

among species, particularly between sympatric ones

(Cannon & Manos 2003). The porous nature of these

genomes probably results in broader taxonomic shar-

ing of genomic elements. The figs, on the other hand,

have complex co-evolutionary relationships with their

wasp pollinators (Janzen 1979; Weiblen 2002). These

co-evolutionary interactions (Ronsted et al. 2005) prob-

ably result in rapid divergence of genomic diversity,

although the evidence for the specificity of these co-

evolutionary relationships and specificity of genetic

markers are not universal (Jackson et al. 2008). Two of

the fig species are dioecious but no obvious effect of

sexual system was apparent. In relation to the original

ecological and evolutionary questions outlined in the

Methods for the stone oaks, we have identified a long

list of genetic elements correlated with fruit type and

continental distribution (see Table 3).

Additionally, the analysis of complexmer abundance

provides descriptors of overall genomic diversity. For

example, the rice genome appears to be substantially

more complex, given an equal amount of DNA

sequence data, than the poplar genome, despite the rel-

ative similarity in genome size between these two spe-

cies (Fig. 2b). While the two genomes have roughly the

same number of total unique complexmers (Fig. 2a),

the frequency of these complexmers in rice is several

natural-log orders of magnitude greater in abundance

than in poplar. Interpreting the differences among the

curves for the actual SRS data sets is complicated by

obvious differences in the quality and quantity of the

sequencing reaction, factors which did not vary in the

simulated study. While little shape variation is present

among the curves for the simulated studies, the curves

for two fig species differ dramatically. The data for

Ficus altissima has a few complexmers which are extre-

mely abundant but this drops off rapidly so that the

25 000 ranked complexmer is significantly rare. This

curve suggests a strong bias in the distribution of the

reads towards a smaller fraction of the overall genome.

The data for Ficus tinctoria, on the other hand, exhibits a

curve similar in overall shape to the simulated data

curves, only being highly elevated because of the

greater overall amount of data available (Table 1).

Almost equivalent amounts of data are available for

two of the Fagaceae samples as for F. tinctoria but the
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total numbers of complexmers and the dominance–

diversity curves are substantially lower in the Fagaceae.

This result may indicate that genome size is consider-

ably larger for the Fagaceae samples or a larger fraction

of the genome is non-complex.

The percent overlap in the frequent complexmers

among the samples from the three different study

groups and the three known genomes, using this

approach, are almost negligible, averaging less than

1%. While these comparisons between distantly related

species may not have immediate implications for eco-

logical or evolutionary studies, the almost complete

divergence in complexmer presence at this deep macro-

evolutionary level indicates the power and specificity of

only using the complex portion of the genome, where

virtually no homoplasy is found. In other words, as

species diverge, the complex portion of their genomes

become increasingly different with very little conver-

gent evolution, which avoids the issue of long branch

attraction observed in many studies using conserved

genes and partial DNA sequences from a small number

of loci (Delsuc et al. 2005). These types of markers

could quite useful for phylogenetic reconstruction as

well, although further development and a deeper

understanding of the nature of homology is required.
Next-gen sequencing and tropical biology

Prior to the major breakthroughs in DNA sequencing

technology, genomic level studies were limited to a

very small subset of model organisms (Ellegren 2008;

Holt & Jones 2008). Despite the relatively cheap costs

involved with SRS technology, given the massive

amounts of data generated, relatively few projects

addressing fundamental questions of tropical biodiver-

sity, including genomic diversity and differentiation

among suites of closely related species, have been

attempted. Tropical communities are the most diverse

(Myers et al. 2000), most threatened (Jepson et al. 2001;

Sodhi et al. 2004; Butler & Laurance 2008), and among

the most complex terrestrial ecosystems on Earth. Many

of the questions facing tropical biologists will require

the kind of deep insight and understanding provided

by genomic scale studies. Given the pace of change,

both in terms of land-use (Foley et al. 2005), climate

(Keller 2009), and threat of species extinction (Vitousek

et al. 1997), we strongly feel that a major shift is neces-

sary. We suggest that ‘genomic diversity’ projects focus

on ‘model groups’ of species, possessing important phe-

notypic and geographic variation in relation to environ-

mental gradients, land-use history, and biogeographic

patterns. Exemplar species, representing the overall

range of variation in phenotype and geography can be

chosen to establish the overall framework. Comparative
studies among these exemplar species then reveal the

important dimensions of genomic variation associated

with these phenotypic traits and geographic locations.

As technological and cost barriers continue to fall, we

should anticipate a radically different approach to geno-

mic biology.

Our assembly free comparative genomic approach

avoids the prior assembly and curation of hundreds of

millions of base pairs, in complicated scaffolds of tens

of thousand of contigs but instead can directly dis-

cover the differences among genomes relevant to the

ecological or evolutionary question. The assembly of a

previously unknown genome is analogous to recon-

structing a library that has been shredded into small

fragments of paper. In assembly based analyses, where

a final physical map is the prime objective, the library

must be completed first, even down to the position of

the books on the shelves, before the books can be

read. Our assembly free comparative approach, on the

other hand, first pinpoints the differences between dif-

ferent but similar libraries to identify specific passages

in the vast number of volumes which will provide the

most interesting reading. Limiting the bioinformatic

challenge of de novo assembly to these relatively few

number of passages will allow a more exhaustive

algorithmic search through all possible variants of the

targeted region.

The successful de novo assembly of the informative

complexmers, which distinguished both individual ge-

nomes and groups of related genomes, illustrates the

effectiveness of our approach. While direct screening of

the complexmers is possible, a simple and traditional

approach would be to develop PCR primers for Sanger

sequencing of informative fragments. Within these

study groups, we identified hundreds of informative

fragments which have high quality alignments against

the original SRS data for the genomes being distin-

guished. Most of these fragments contain SNPs or even

large pieces of unique sequence, not present in the

other genomes. At the population level within ramin,

hundreds of high quality contigs grouping different

subsets of individuals from different geographic loca-

tions were identified. These informative differences

could be explored further on high-throughput plat-

forms. Populations of individuals could be screened

directly, on various downstream DNA fingerprinting

platforms, like microarrays or bead arrays, as breeds of

dogs (Barsh 2007) are currently identified. In this

volume, Buggs et al. (2009) observed a very high dis-

covery rate for valid SNPs in a pair of closely related

sunflower species using such a genotyping platform.

While the distribution of genetic variation in wild

populations will inherently be more complicated,

these informative complexmers would create a highly
� 2010 Blackwell Publishing Ltd
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sensitive and multi-locus DNA barcode. This DNA bar-

code would be particularly powerful as it would be

framed in relation to the ecological and evolutionary

contrasts among the focal taxa. Additionally, it would

provide a realistic approach to understanding the over-

all pattern of genomic diversification among suites of

closely related species.

Here, we describe a single approach to directly com-

pare previously unstudied genomes, from the popula-

tion to the family level, without a closely related

reference genome or de novo assembly of the SRS data.

Our approach provides objective measures of the total

amount and evenness of complex DNA sequence diver-

sity in the data, providing assessments of data quality

and sequencing error rates. Pair-wise comparisons of

complexmer frequency between genomes immediately

highlights genetic elements which are present in one

genome and not the other and points towards regions

that have copy number variation. Genetic elements

shared among groups of genomes can be used in a tar-

geted de novo assembly approach to identify those con-

tigs that most powerfully distinguish the group, in

relation to other genomes. Our approach avoids many

disadvantages of techniques that require prior assem-

bly, as it uses all of the available data and creates an

avenue leading straight to the most informative geno-

mic differences, given the specific comparison. We feel

that relatively shallow ‘survey’ sequencing of numerous

species within ecological and economically important

groups and subsequent comparative analyses, such as

the one described here, will lead to a revolutionary new

understanding of how genomes diversify, how species

diverge, what functional elements play important eco-

logical and phenotypic roles, and ultimately, how this

knowledge can be translated into applied management

and monitoring tools for the conservation of tropical

biodiversity. While not explored here, our approach

would be equally or if not more effective for transcrip-

tome, partial genome, or cytoplasmic genome studies.

In those types of studies, complete coverage of the tar-

get sequences given a single reaction lane would greatly

decrease the false positive error rate and increase the

overall sensitivity of pair-wise comparisons.
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